Abstract. This article presents our recent results on magnetic shape memory alloys (SMAs) and reviews some of our relevant past work. By treating the martensite structure as an assembly of microscopic crystalline tiles (twins), the observed micromagnetic structure or 'magnetic mosaic' in these alloys can be explained in terms of a spatially varying axis of the magnetocrystalline anisotropy and magnetostatic interactions across the tiles. A systematic investigation of ferroelastic structural domains of increasing structural complexity leads to a novel concept of 'polymagnets'. Similar to the idea of hierarchical ferroelastic polydomains, polymagnets are hierarchical micromagnetic structures, and parallels the complexity of the underlying ferroelastic polydomains. Preliminary results on the dynamics of the transformation pathways reveal a strong correlation between the underlying microstructure and achievable strain. In addition, reversible shape memory effect has been observed in sputterdeposited Ni-Mn-Ga thin films, and Co-Ni films with controlled composition have been successfully made by electrodeposition.
Introduction
Magnetic shape memory alloys (SMAs) are multi-functional materials and belong to the broader category of materials called multi-ferroics. These are complex correlated systems whose properties are governed by interaction and coupling across different energy regimes. To illustrate the diversity (and complexity) of phenomena in these materials, consider the schematic shown in Fig. 1 . It shows the relationship between thermal, mechanical, and magnetic properties of magnetic SMAs. The three outermost corners describe the "forces" that act on the material (field, stress, temperature), and the corresponding inner corners represent the conjugate property (magnetization, strain, entropy, respectively). Direct relation between a 'force' and its conjugate represents a principal effect. For example, elasticity describes the direct relationship between stress and strain. In case of a thermo-elastic martensite, the same stimulus also gives rise to ferroelasticity owing to highly mobile twin walls.
A number of coupled effects also exist. For instance, magnetostriction is a result of coupling between magnetic and elastic energy in ferromagnetic materials. In the case of magnetic SMAs, the same coupling also provides a basis for field-induced shape memory effect (SME) [1] . Similarly, a giant magneto-caloric effect is observed when these materials are placed in a magnetic field due to thermo-magnetic coupling [2] .
The inter-twined existence of different energy regimes (coupling) is the source of diverse phenomena and complexity in these materials. Nonetheless, a unified treatment of physical properties shown in Fig. 1 is possible because they are all tied together by a common thread -they represent the thermodynamic equilibrium states of the system. Equivalently, all properties of a crystal in equilibrium can be measured, and change in energy between different states determined. This provides the basis for studying the static or quasi-static properties of these materials. For example, measuring magnetization either as a function of temperature or magnetic field provides the equilibrium values of aggregate moments, as shown in Fig. 2 for a Co 50 Ni 20 Ga 30 sample. Another example is strain induced by a slowly varying magnetic field, which gives the quasi-static magneto-elastic aggregate behavior. Understanding the static and quasistatic behavior is important because it also forms a starting point for understanding the transformation pathways taken by the system in going from one state to another, i.e., their dynamical properties. In the present study, we discuss in detail the static, quasi-static, and dynamical behavior of magnetic SMAs. The paper includes new results and also reviews some of our relevant past work. In addition, we also present results on our ongoing research on magnetic SMA thin films for applications in micro-actuators. 
Experimental details
Different Co-Ni-Ga and Ni-Mn-Ga Heusler alloy single crystals were investigated. Prior to the experiments, the samples were mechanically polished, followed by careful chemical etching to remove the strained layer caused by polishing. Whereas the Ni-Mn-Ga system has easy axis along the tetragonal c-axis, the Co-Ni-Ga system, based on our ongoing anisotropy measurements, has an easy plane rather than an easy axis. Detailed studies on magnetocrystalline anisotropy in Ni-Mn-Ga, Fe-Pd, and Co-Ni-Ga will be published separately. The transformation temperatures were measured using differential scanning calorimetery and magnetic measurements. The temperature dependent evolution of the micromagnetic structure was studied using the high resolution Interference-Contrast-Colloid (ICC) technique, which is discussed in detail elsewhere [3, 4] . Briefly, the ICC method employs a colloidal solution to decorate the microfield on a magnetic surface, similar to the versatile Bitter method [5] . However, the technique differs in the manner in which the colloid decorated microfield is detected. In the Bitter method, a problem in contrast develops in the bright field or the dark field mode due to backscattering by particles and the various surfaces between the objective lens and the specimen. This results in an overall loss of resolution. Instead, the ICC method uses a Nomarski interferometer to detect the surface microfield distribution. The magnetic microfield on a magnetic surface causes local variation in the density of colloid particles (average colloid particle size is 7 nm), thereby delineating the domain structure. This microfield is detected by polarization interferometer optics, which detects any unevenness at the nanometer scale and reveals domain structure with a pronounced three-dimensional effect and at a high resolution limited only by the resolution of the microscope ∼0.5-0.6 µm. In this manner, the micromagnetic structure is directly observed superimposed on the microstructure. In order to prevent freezing of the (water-based) ferrofluids, an oil-based ferrofluid was used, which remains stable from 70 • C to −35 • C (343 K to 239 K). Observations were made by placing the samples in a commercially available precision heating and cooling stage from Linkam (THMSE 600) with an accuracy of ± 0.1 degree. The stage is fully automated and interfaced with an image frame grabber. The software operating the stage and acquisition card has the ability to embed experimental information directly on the recorded micrographs, which are collated and numbered automatically by the software. This degree of automation ensures unambiguous correlation between the microstructure and the micromagnetic structure as a function of temperature. Results describing the temperature dependent micromagnetic behavior of these alloys are discussed in detail elsewhere [6] [7] [8] [9] [10] .
In magnetic SMAs, the magnetic domain walls are coupled to the microstructure and they can move either by varying the magnetic field, stress, or temperature (or a combination of these forces). The pathway(s) taken by the system in going from one state to another in response to an applied 'force' provides valuable information on the dynamics of domain walls. This dynamical behavior was studied by using the well-known Barkhausen method for the case of varying magnetic field [5] , and a new technique called Magnetic Transition Spectra or MTS, which we have recently developed for studying the dynamics of walls due to stress or temperature [6, 9, 10] . While transformation pathways due to temperature change are discussed in detail elsewhere [6, 9, 10] , here we present our most recent results describing the transformation pathways taken by the system due to applied field.
The Barkhausen method to monitor the dynamics of domain wall motion as a function of field is based on Faraday's law: voltage ξ induced in a pickup coil is proportional to the rate of change of flux with time ξ = −dΦ/dt in a sample; dΦ is the flux change over a time interval dt. The Barkhausen method generates a spectrum of voltage spikes as the sample is cycled along its hysteresis loop, see for example, Ref. [11] . The resulting spectrum of voltage spikes as a function of field is recorded by an adjacent pickup coil. The experimental setup to acquire the Barkhausen spectrum is shown schematically in Fig. 3 . The Barkhausen signal pickup coil is a specially designed and optimized miniature surface probe fabricated out of an insulating ferrite core. Its output is bandwidth limited by a band pass filter to a range of ∼1-10 kHz. The miniature pickup coil is in the form of a hemispherical ring 2-3 mm in diameter, 1 mm thick and having 80-100 encircling coil turns. A Hall probe is used to measure the tangential field H t at the surface of the sample. As the energizing yoke sweeps the sample through its hysteresis loop, the signal from the Hall probe and the Barkhausen coil is digitized and then processed by a computer. For one-half of the hysteresis loop where the magnetic field is increasing, the Barkhausen signal is collected and subsequently analyzed using the jumpsum method. Previously, we have used a 'jumpsum' method to analyze and interpret voltage spectra (Barkhausen spectra) in ferromagnetic materials [11] [12] [13] . The jumpsum analysis method is well suited because instead of assigning an average or mean value to a given spectrum, it expresses the acquired signal in terms of the profile of the spectrum. One of the signal parameters extracted from the MTS is called the JumpSum JS, which is simply the running total of all the voltage jump heights, as shown in a later section.
Results and discussion

Hierarchical micromagnetic structure
Figure 4(a) shows a Co-Ni-Ga single crystal undergoing martensite transformation; the critical temperatures and composition of this and other samples are given in corresponding figure captions. In this crystal, the transformation occurs by the motion of a single interface, and the resulting martensite is structurally homogenous, i.e., without the formation of any twins. This constitutes a zeroth order structural polydomain [14] . The measured transformation strain was ∼6.6% [15] , and the strain is also evident in Fig. 4(a) from the sharp bend in the crystal at the austenite-martensite interface. Note that martensites typically transform as twins. However, formation of martensite without twins, while a less frequent event, is feasible. Early work on Ni-Mn-Ga by O'Handley also notes a homogeneous martensite. Alternately, a twinned martensite can be easily untwined by compression or elongation corresponding to the transformed strain. In our own studies, it is quite possible that the silver paint holding the sample on the heating/cooling stage could have exerted sufficient constrain during the transformation to form a twinless martensite. Unlike a twinned martensite crystal where the magnetocrystalline anisotropy (easy) axis changes its direction from one twin to another, the structurally homogeneous martensite in Fig. 4 (a) has a fixed direction of magnetic easy axis throughout its entire volume. The micromagnetic structure of the zeroth order polydomain consists of a series of large irregular domains, as shown in Fig. 4(b) . In contrast, the austenite phase consists of a magnetic single domain, as shown in Fig. 4(c) . Note that a large single domain austenite phase spanning several thousand microns is a common feature of these as well as Ni-Mn-Ga and Fe-Pd alloys, as has recently been discussed in detail elsewhere [4, [6] [7] [8] [9] . Next consider another {100} Co-Ni-Ga single crystal that martensitically transforms into a polytwina 1st order polydomain. The schematic in Fig. 5(b) shows the crystallography of the polytwin (dark and light bands are twins), as well as the [100] orientation along which the micromagnetic structure was observed. Figure 5(a) shows the room temperature micromagnetic structure of the polytwin. The twins in Fig. 5(a) are labeled . . . I, II, I , II . . ., running diagonally from bottom left to top right. Each twin can be seen divided into magnetic domains having anti-parallel magnetization, yellow and green arrows within each twin in Fig. 5(a) , and separated by 180 • -type magnetic domain walls; the twin planes themselves form 90 • domain walls across which the flux changes continuously. The magnetic arrangement in Fig. 5(a) is exquisite in the manner in which it minimizes its overall magnetostatic energy -instead of forming closure domains within each twin, domains in adjacent twins also serve as closure domains for domains in its neighbors, giving the staircase appearance of magnetization vectors running up or down across the twins in Fig. 5(a) . The micrograph in Fig. 6 is taken from a Ni-Mn-Ga single crystal. The higher order polydomain structure in Fig. 6 hosts a more complex micromagnetic structure than that shown in Figs 4 or 5. In Fig. 6 , thick martensite bands can be seen running diagonally from left to right. In addition to the magnetic and closure domains within each martensite band (labeled 'intra-domains'), also note the presence of 'inter-domain' walls that traverse the twin bands from top to bottom. The domain structure in Fig. 6 is a result of a complex martensite structure, and can be explained by taking into account the fact that these martensite bands are not homogeneous but are in fact internally twinned; very faint twin lines within the martensite bands are visible in Fig. 6 .
The micromagnetic structure also depends on the twin thickness, as shown in Fig. 7 . Figure 7 is taken from another area of the Ni-Mn-Ga sample where the transformation has resulted in varying thickness of the martensite bands. Figure 7 shows that the magnetic domains are wholly confined within thicker bands such as those labeled T1 and T2, whereas the domain walls traverse across the finer twin bands such as T3 or T4. Detailed investigations reveal that the magnetic domain walls crisscrossing the fine twins in bands such as T3 or T4 in Fig. 7 are in fact zigzag domain walls that conform to the changing direction of the magnetic easy axis from one twin plate to another [4] , as shown in the inset in the upper right corner of Fig. 7 .
Dynamic properties
We have recently started looking at the dynamics of domain wall motion due to applied magnetic field. This section describes our preliminary results using the {100} Co-Ni-Ga sample whose micromagnetic behavior was discussed in Fig. 5 above. With reference to the zero-field micromagnetic structure viewed along the [100] axis in Fig. 5(a) , first consider the case when the magnetic field is applied parallel (or anti-parallel) to magnetization vectors in twins labeled I in Fig. 5(a) . This corresponds to the case when the applied field lies along the easy axis in twins labeled I, but orthogonal (or along hard axis) to the magnetization vectors in twins labeled II. When the field strength is increased, the domain walls in twins I are easily displaced parallel to themselves, without exerting any pressure on the twin walls to move. Only at sufficiently high fields, the magnetization vectors in twins II begin to rotate along the field direction, accompanied by motion of twin walls causing strain. A study of the dynamics of domain walls helps delineate and differentiate the varying effect of applied field in different twins. Figure 8(a) shows the jumpsum curve for this particular field orientation. As shown in Fig. 8(a) , a kink appears in the jumpsum curve. The initial rise in jumpsum to the left of the kink corresponds to the simple dynamics of domain wall motion in twins labeled I. The rise in jumpsum on the right side of the kink corresponds to the dynamics of domain walls in twins labeled II. The kink is due to the magnetostatic coupling between twins I and II since domains lying in twins I act as closure domains for domains lying in twins II and vice versa. Since it is the magnetization rotation in twins II that causes strain, this dynamic picture helps reveal the fraction of energy being input to do useful work (energy input to move domain walls in twins I simply dissipate as heat). In contrast, when the field orientation is along the twin walls (which run diagonally from bottom left to top right in Fig. 5 ), the applied field lies along the hard axis for both twins I and II. In this case, the observed strain is caused by both twins I and II, as reflected by the kink-free a) b) Fig. 8 . Jumpsum curves for the Co-Ni-Ga sample shown in Fig. 5(a) when the field is normal to the twin walls and (b) when the field is parallel to the twin walls.
jumpsum curve in Fig. 8(b) . In other words, nearly all the magnetic energy that is input goes to do useful work for this orientation. We have also done detailed quasi-static micromagnetic studies on this sample to investigate the effect of applied field strength and field direction on magnetization reversal and twin motion. These results show that the twin boundaries collapse when a sufficiently large field is applied along the hard direction. However, this process occurs gradually rather than in an abrupt fashion. Only in those magnetic domains where magnetization direction is parallel or anti-parallel to the applied field traditional motion of domain walls parallel to themselves occur. However, even in such domain the magnetostatic interactions cause a coupling between such domains with domains in adjacent twins, and these results are being published elsewhere. These are preliminary dynamical results pertaining to a specific case of fixed temperature (room temperature) and zero bias stress. It reveals the potential for studying different transition pathways, either by stress-biasing the sample, or by change in temperature, or both, in order to find an optimal pathway that would produce the largest strain at the lowest field. Further experiments are currently underway and will be reported in detail in a later publication.
Synthesis of magnetic SMA thin films
To undertake similar studies in thin films, we have used a combinatorial approach to materials synthesis in order to systematically identify useful thin film growth conditions. Our ultra-high vacuum deposition chamber is equipped with masks of varying aperture sizes that can be translated by high precision micrometers. Using such masks, combinatorial libraries consisting of 4 × 4 and 9 × 9 arrays of samples were made. Such a 9 × 9 (= 81 samples) library is shown in Fig. 9(a) , made by dc magnetron co-sputtering of an equi-atomic Ni-Mn-Ga target with a pure Ni target. In this particular library, the composition was varied as a function of sputtering power for the two targets, other conditions being the same (sputtering pressure 10 mTorr). Various compositions of interest so obtained are shown in Fig. 9(b) ; several nearly identical compositions so found are not shown. Figure 10(a-c) illustrates reversible transformation in one such nearly stoichiometric Ni-Mn-Ga thin film, which undergoes martensitic transition at approximately −65 • C (208 K). Starting from the austenite phase in Fig. 10(a) , the sample transforms into martensite in Fig. 10(b) . Upon heating the sample back to room temperature, the sample reversibly reverts back to the austenite phase, as shown in Fig. 10(c) .
In addition to Ni-Mn-Ga films, we have also made Co-Ni thin films by electrodeposition based on the following idea. The threshold stresses for motion of interfaces separating the martensite variants depends on the crystallography and energy of the interfaces, and the crystal symmetry of the martensite itself (in addition to the usual requirements of control over alloy composition and defect structure). In this regard, the Co-Ni system is of special interest. The Co-Ni-based ferromagnetic SMAs undergo one of the simplest martensitic transformation, viz., from α (face centered cubic) to ε (hexagonal close packed), with both fcc austenite and hcp martensite being close packed structures [16] [17] [18] . Thus in contrast to the martensite variants that exist as twins in Fe-Pd, Co-Ni-Ga, or the Ni-Mn-Ga alloy systems, martensite variants in the case of Co-Ni system exist as a series of stacking faults. Owing to the low stacking fault energy in Co and Co-based alloys, the α/ε interfaces can move with relative ease through expansion or contraction of the stacking faults. To date, we have successfully determined the optimum thin film growth conditions for which martensite transformation can be observed in this alloy system. Our results show that the Co-Ni ferromagnetic SMA films can be easily processed by electrochemical deposition over a wide range of chemical composition through control over the electrolyte and deposition parameters. As shown in Fig. 11 , the relative concentration of Co and Ni can be varied over a large range simply by changing the applied voltage for electrodeposition. As a result, martensite transformations in films having transformation temperatures ranging from −125 • C to −60 • C (148 K to 213 K) have been obtained.
Conclusions
For the first time we have systematically investigated the micromagnetic structure of the zeroth, first, and higher order polydomains, using the Co-Ni-Ga and Ni-Mn-Ga Heusler model alloy systems. These results lead to the concept of magnetic mosaics in crystalline tiles, or 'polymagnets'. Similar to the concept of structural polydomains, polymagnets refers to the organization of magnetic Weiss domains in a hierarchy according to their complexity. While a polydomain structure minimizes the overall elastic energy of the structural domains, a polymagnet occurs in a structurally heterogeneous magnetic material and minimizes the overall magnetic energy of the system. Organizing the micromagnetic structures according to a hierarchy based on complexity also unifies the results that have been reported in the literature by various groups, and provides a framework for future studies not only in magnetic SMAs but also in other multiferroic materials. In addition, preliminary results on the dynamics of the transformation pathways reveal a strong correlation between the underlying microstructure and useful work done. Finally, reversible shape memory effect has been observed in Ni-Mn-Ga thin films and Co-Ni films with controlled composition have been successfully made by electrodeposition.
